Hierarchical porous nitrogen-doped carbon beads derived from biosourced chitosan polymer by Matei Ghimbeu, Camelia & Luchnikov, Valeriy
HAL Id: hal-02465009
https://hal.archives-ouvertes.fr/hal-02465009
Submitted on 7 Feb 2020
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Hierarchical porous nitrogen-doped carbon beads
derived from biosourced chitosan polymer
Camelia Matei Ghimbeu, Valeriy Luchnikov
To cite this version:
Camelia Matei Ghimbeu, Valeriy Luchnikov. Hierarchical porous nitrogen-doped carbon beads derived
from biosourced chitosan polymer. Microporous and Mesoporous Materials, Elsevier, 2018, 263, pp.42-
52. ￿10.1016/j.micromeso.2017.12.001￿. ￿hal-02465009￿
1 
 
Hierarchical Porous Nitrogen-doped Carbon Beads 
Derived From Biosourced Chitosan Polymer 
 
Camélia Matei Ghimbeu*, and Valeriy A. Luchnikov* 
 
Université de Strasbourg, Université de Haute-Alsace, Institut de Science des Matériaux de 
Mulhouse, UMR 7361 CNRS-UHA, 15 rue Jean Starcky, 68057 Mulhouse-France.  
 
* Corresponding authors:  
 
C. Matei Ghimbeu: Tel.: +33 389608743;  
E-mail address: camelia.ghimbeu@uha.fr 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 
 
Abstract 
 
Carbon microbeads with diameters of a few hundreds of microns are produced by dropping 
chitosan acetate (CA) solution in liquid nitrogen, freeze drying and thermal treatment in inert 
atmosphere at 700°C.  The structure of the beads is characterized by hierarchical porosity at 
the three length scales: (i) macropores originating from the phase separation during the water 
ice crystal grow inside the droplets, immersed in liquid nitrogen, (ii) arising in course of the 
beads thermal treatment, leading to the removal of the porogen molecules (Pluronic F127) 
added to the CA solution and (iii) micropores induced by the carbonization of chitosan resin. 
The carbon beads have a rigid skin which present wrinkles with well-defined structure. 
The carbon bead pore size and volume could be tuned by varying the type and amount of 
cross-linkers (glyoxal and glyoxylic acid) and template. This was related to the chitosan 
ability to cross-link in a different manner with the cross-linkers as showed by 13C NMR 
resulting in chitosan resin able to self-assemble with Pluronic F-127 template through H-
bonding interactions.The beads are produced by a green process employing entirely 
biosourced and renewable materials that make them attractive for the large scale applications 
requiring nanoporous carbons. 
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1. Introduction 
 
Chitosan, a natural random linear copolymer of β-(1-4)-linked D-glucosamine and N-acetyl-
D-glucosamine, has attracted lately great attention as a biosource to obtain carbonized 
materials for multiple applications. Recently,  single layer   N-doped graphene was 
synthesized by pyrolysis of thin chitosan films under argon at 800 °C [1].  Chitosan based 
activated alumina–carbon composite beads were explored for immobilization of carbonic 
anhydrase for fixation of anthropogenic CO2 into calcium carbonate [2]. Microporous carbons 
prepared from chitosan precursor by carbonization followed by activation were shown to be 
excellent materials as well for hydrogen and CO2 storage [3;4], electrodes for  supercapacitor 
[5-8] or battery applications [9;10]. Composites based on graphene, graphene oxide or carbon 
nanotubes (CNTs) and chitosan derived carbon have been reported as well [6;7;11;12].   
The main factors which make chitosan so attractive for the above-mentioned applications are 
related to (i) its availability as the sub-product of food industry [13;14],  (ii) the high carbon 
yield after carbonization (~50 wt.%) and  (iii) the presence of the amine group in its structure, 
that results in the nitrogen self-doping of the derived carbon materials improving the 
electronic structure and the wettabillity. Particularly, the N-doped carbon materials were 
extensively studied recently as efficient “metal-free catalyst” electrocatalysts [15] for the 
oxygen reduction reaction (ORR) [16;17] in the aim of replacing the expensive Pt catalyst in 
such reactions. On the other hand, the carbons with high content of nitrogen allow to enhance 
the electrochemical capacity in supercapacitors because of the shift of the Fermi level to the 
valence band in carbon electrode, improving the electronic conductivity and facilitating the 
electron transfer [18].   
However, carbonized materials should be optimized in order to provide simultaneously high 
specific surface, optimal pore size distribution, good transport properties and facile 
manipulation.  
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In this aim, carbon beads are of great interest since they are easy to handle and to recover 
from reaction medium in practical applications. Their synthesis in the absence of binders and 
with controlled porosity at different scales is still very challenging. Carbon beads possessing 
hierarchical porosity combining macropores (> 50 nm), mesopores (2-50 nm) and micropores 
(< 2 nm) present several advantages with respect to the single-sized porous materials [19]. 
The large macropores enhance permeability and ion diffusion while the mesopores allow for 
low resistance pathways through the material. The smaller pores (micropores and mesopores) 
increase the specific surface area and the porous volume, improving the gas/liquid adsorption 
capacity or providing high capacitance for supercapacitors through electric double layer 
formation [20-24]. 
Several approaches were used to synthesize carbon beads including CVD (chemical vapor 
deposition), hard-template, and emulsion/suspension polymerization [25-31]. Although, 
chitosan beads may be obtained by various methods as reviewed [32;33], no reports on 
chitosan derived carbon beads are reported to our knowledge.  
Direct carbonization of biosourced polymers is sustainable, convenient and cost effective 
method to prepare carbons but is such cases the derived carbon materials are characterized by 
limited porosity. Activation is the most employed and widely used approach to obtain carbon 
materials with well-developed porosity by using activation agents, such as KOH, K2CO2 or 
CO2 [3;5;9] . However, the corrosive nature of the employed activating agents, the low carbon 
yield and wide pore size distribution are the main limitations for this method. 
The template approaches become alternative and versatile for fabricating porous carbon with 
controlled pore sizes and architectures [34-37].  
The salt-template route involving the mixture of a carbon source with a metallic salt and 
simultaneous thermal annealing at high temperatures [38-40] was proposed as an alternative 
to activation method for the preparation of micro/mesoporous materials. The advantage of 
5 
 
such method lies in the use of cheap salts easily recovered in the end of the synthesis by 
simple washing with water, but also the high yield of obtained carbon compared with 
activation routs is an advantage. Deng et al. [8] used such approach to increase the porosity of  
chitosan. 
The hard-templating involving the use of a silica or zeolite template which is infiltrated with a 
polymer or other carbon source followed by the removal of the template was proposed also 
for chitosan based carbons [41;42]. The large size and limited solubility of biomass-based 
molecules combined with hard templates having confined pore sizes may induce steric effects 
and limitation of polymer impregnation into the template pores/channels. In addition, the 
complex process, dangerous reagents used to remove the template (HF) and high cost hinders 
their large scale practical use. As an alternative, the soft-template method was proposed as a 
convenient and flexible approach to obtain carbon materials with various pore structures 
[34;36;43]. Thermosetting phenolic resins are self-assembled with a copolymer template via 
hydrogen or covalent bonding, followed by a thermal treatment generating the formation of a 
micro/mesoporous carbon. Phenol-formaldehyde resins are the most employed [36] due to 
their high thermal stability and high carbon yield. The carcinogen nature of formaldehyde 
brings researchers to look for more environmentally friendly substitutes. Glyoxal presenting 
two aldehyde groups was proposed in this aim [44;45] and more recently we have proposed a 
biosourced derived aldehyde, i.e., glyoxylic acid which have double functionality i.e., 
aldehyde and carboxylic acid  playing a role of cross-linker and catalyst in the synthesis of 
resin [46]. As for the carbon source, resorcinol or phloroglucinol was used as an alternative 
instead of phenol which is highly toxic. However, chitosan was never combined with such 
green cross-linker in the presence of organic amphiphilic templates to obtain hierarchical 
porous carbons.  
In this paper we propose a green and simple soft-template approach to design N-doped 
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hierarchical carbon beads derived from biosourced chitosan acetate and green cross-linkers. 
The resulting materials present hierarchical porosity and are characterized by moderate BET 
surface area and tuned pore sizes depending on the amount of template or cross-linker used. 
The structure of chitosan polymer materials and their mechanism of transformation into 
carbon were studied by 13C NMR and TGA analysis and discussed herein. 
 
2. Experimental 
2.1 Material Synthesis 
A solution of 1 wt.% chitosan (Sigma-Aldrich, 448877-50g, lot #MKBJ9698V, acetylation 
degree 20%) was prepared using aqueous solution of acetic acid (1% wt.) as solvent. In this 
solution a triblock copolymer template (Pluronic F127, Aldrich) was dissolved under stirring  
at ~30°C, followed by addition at room temperature of  an aqueous solution of glyoxal (40 
wt.%, Aldrich) or glyoxylic acid. Several materials were prepared according to the details 
provided in Table 1. For comparison purpose, one reference sample (CB-R) was prepared 
only with chitosan (no template and no cross-linker).  
Table 1: Synthesis conditions used for the preparation of carbon beads. 
Carbon beads Chitosan,  
ml 
Pluronic 
F127, g 
Glyoxal, 
 ml 
Glyoxylic Acid,  
g 
CB-R  90 - - - 
CB-A  90 1.8 - - 
CB-B  90 1.8 0.9 - 
CB-C  90 1.8 1.8 - 
CB-D  90 0.9 0.9 - 
CB-E  90 1.8 - 0.7 
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The as-obtained solution was dropped (with the rate of 1 droplet per second, approximately) 
into a vessel filled by liquid nitrogen. The frozen beads were freeze-dried in a Labologic FD-
1C setup, and then carbonized at 700°C for 1 hour, with a heating rate of 2K/min in Ar 
atmosphere, as schematically illustrated in Figure 1. The annealing temperature was 
investigated on CB-B sample and two supplementary temperatures were used, i.e., 500°C and 
900°C, respectively. 
     
Figure 1: Schematic representation of the synthesis process of hierarchical N-doped carbon 
beads. 
 
2.2 Material Characterization 
The porosity of the carbons was analyzed by nitrogen and CO2 adsorption at 77 K and 273K, 
respectively, using a Micromeritics ASAP 2420 instrument. Before analysis, the materials 
were degassed in vacuum at 473K (heating rate of 10 K/min) for 12h. The BET specific 
surface area (SSA) was calculated from the nitrogen linear plot in the relative pressure range 
of 0.01-0.05. The micropore volume (Vmicro) was calculated with the Dubinin-Radushkevich 
(DR) equation in the relative pressure interval, P/P0, 10
-4 to 10-2. The total pore volume (Vt) 
was determined from the amount of nitrogen adsorbed at a relative pressure of 0.99, while the 
mesoporous volume (Vmeso) was obtained by substracting the Vmicro from Vt. The pore size 
distributions (PSD) was determined from the adsorption branch of nitrogen and CO2 
isotherms using the non local density function theory (NLDFT) model developed for carbon 
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slit pores. 
The porosity of carbon material was further analyzed by mercury intrusion porosimetry 
(Micromeritics, Autopore IV). This apparatus allows measuring pressures between 2.6 × 10-6 
and 200 MPa. Prior to measurements samples were outgassed at 25 °C under primary vacuum 
for about 1 hour. A certain amount of  degassed carbon (~40 mg) were introduced in the 
penetrometer, which was further inserted in the low pressure chamber (2.6 × 10-6 - 0.2 MPa). 
During this first stage, the cell was vacuumed and then filled by mercury. The penetrometer 
containing the sample and the mercury was then placed in the high pressure chamber (0.2 - 
200 MPa). During this second stage, a pressure was applied to force mercury diffusion into 
porous sample. As intrusion occurs, the mercury level in the stem varies. Washburn equation 
was used to determine the pore size [47]:  
                                                  D = -4σcosθ/P                                                                  (1) 
Where P is the applied pressure (Pa), D is the diameter of the pore (m), σ is the interfacial 
tension (N.m-1) and θ the contact angle (°) (for mercury σ = 485 mN.m-1 and θ = 130°).  
SEM images of the materials at different length scales were obtained at the PHILIPS – FEI 
(XL-30 FEG) platform while the TEM images were obtained at the JEOL ARM200 set-up.  
X-ray photoelectron spectroscopy (XPS) was performed with a VG Scienta SES 200-2 
spectrometer equipped with a monochromatized Al Kα X-ray source (1486.6 eV) and a 
hemispherical analyzer. Wide scan and high resolution (C1s, N1s and O1s) XPS spectra are 
recorded respectively with a pass energy of 500 eV and 100 eV. The analysed surface area 
was approximately 3 mm2 and the pressure in the analysis chamber during experimentation 
was about 10-9 mbar. Spectra were subjected to a Shirley baseline and peak fitting was made 
with mixed Gaussian-Lorentzian components with equal full-width-at-half-maximum 
(FWHM) using CASAXPS version 2.3.17software. All the binding energies (BE) are 
referenced to the C1s peak (sp2 carbon atoms) from the “graphitic material” at 284.6 eV and 
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given with a precision of 0.1eV. 
The chitosan structure was studied by solid-state 13C magic angle spinning (MAS) NMR.  The 
NMR spectra were obtained at a frequency of 100.6 MHz, 400.13MHz respectively on a 
Bruker Avance 400 NMR spectrometer. Samples were packed in 4 mm diameter cylindrical 
zirconia rotors with Kel-F rotor end caps and spun at the “magic angle” at 12 kHz in a Bruker 
DB MAS probe [40;46].  Cross-polarization (CP) spectra were acquired using a 90° 1H pulse 
of 3.7µs duration, a 1 ms contact time and a 5s recycle delay. Free induction decays were 
acquired with a sweep width of 85 kHz. 8K data points were collected over an acquisition 
time of 48 ms. 
The thermal decomposition behavior of chitosan derived materials during the heating under 
inert atmosphere was monitored between room temperature and 600°C with a TGA 
(METTLER-TOLEDO TGA 851e) set-up. A slow heating rate similar to that used for the 
carbonization of the chitosan beads was used (2°C/min). 
3. Results and discussion  
3.1 Textural properties  
Firstly, the influence of thermal annealing temperature on the textural properties of carbon 
beads were evaluated at 500°C, 700°C and 900°C and the nitrogen adsorption/desorption 
isotherms are shown in Figure S1 (Supporting Information’s). All three materials are 
characterized by similar IV type isotherm (IUPAC classifications) presenting H1 hysteresis 
loop indicating condensation in the mesopores. The hysteresis is rather similar for all 
materials and translates into comparable mesoporous volumes, ranged between 0.31 and 0.35 
cm3∙g-1 (Table S1, Supporting Information’s). 
In addition, an increase in the nitrogen adsorption at low pressures (P/P0 < 0.1) is noticed 
suggesting the presence of micropores. For the materials heat treated at 500°C and 700°C, the 
microporous volume is similar (0.14 and 0.16 cm3∙g-1), slightly higher for CB-B 700°C, while 
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for 900°C the microporous volume is much lower, i.e., 0.10 cm3∙g-1.   
The SSA varies in the same order as well, increases between 500 and 700°C from 397 to 433 
due to carbonization of phenolic resin with the release of COx and H2 gaseous species. When 
further increases the temperature to 900°C the SSA decreases (203 m2∙g-1, Table S1), due to 
the porosity closure. The same trend of SSA evolution with the temperature was observed 
previously on phenolic resins based on phloroglucinol [48]. Therefore, the 700°C was 
selected as optimal temperature which ensures carbonization of the precursors and developed 
microporosity. 
The nitrogen adsorption/desorption isotherms of the carbon materials prepared under different 
experimental conditions are shown in Figure 2. The influence of the amount cross-linker 
agent (glyoxal) on the textural properties was as well investigated. The quantity was increased 
gradually from 0.0 ml (CB-A) to 0.9 ml (CB-B) and 1.8 ml (CB-C), respectively.  
For low quantities of glyoxal (CB-A and CB-B), the isotherms present an increase of N2 
adsorption quantity at low pressure, suggesting the formation of micropores, in addition to 
mesopores. On the contrary, a high quantity of glyoxal (CB-C) does not allow anymore the 
formation of micropores. In consequence, the specific surface area of CB-A and CB-B (337 
and 433 m2∙ g-1) are significantly much higher than for CB-C (90 m2∙ g-1). The porous volume 
has the same evolution as the SSA (see Table 2). 
It is important to mention that the mesoporous volume is 2 or 3 times higher than the 
microporous volume (Table 2). The DFT pore size distribution depicted in Figure 2b, show 
uniform mesopore size distribution for all 3 materials with sizes centered around 15 nm. 
Hence, the glyoxal do not have an influence on the mesopore size but rather on their quantity. 
In addition, the presence of micropores (pores < 2 nm) is also seen, therefore, a double pore 
size distribution coexists in the materials.  
If the textural properties are compared with those of the reference carbon beads (CB-R) made 
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only with chitosan (Figure S2, Supporting Information’s), it can be seen that the CB-R 
material is purely microporous (type I nitrogen adsorption/desorption isotherm). The pore size 
distribution confirms as well the existence of micropores with size < 1.0 nm and the absence 
of mesopores. The specific surface area is 350 m2∙ g-1, therefore, comparable with the other 
CB, while the total porous volume is 0.19 cm3∙ g-1, which is much lower than the beads 
prepared in the presence of the template (Table 2). The results suggest that the template have 
no influence on the microporosity formation but rather to create the mesopores. This founding 
is in agreement with our previous works [40]. 
 
Table 2: Textural properties of carbon beads synthesized in different conditions as determined 
using N2/CO2 adsorption and Hg intrusion isotherms and chemical composition obtained by 
XPS. 
a- Calculated from nitrogen adsorption isotherms; b-calculated from Hg intrusion 
isotherms and c-calculated from CO2 adsorption isotherms. 
 
Carbon  
beads 
SSAa 
m2∙ g-1 
Vta 
cm3∙ g-1 
Vtb 
cm3∙ g-1 
Vmicroa 
cm3∙ g-1 
V microc 
cm3∙ g-1 
Vmesoa 
cm3∙ g-1 
C 
 at.% 
O 
at.% 
N 
 at.% 
CB-A  337 0.51 4.5 0.13 0.13 0.38 90.2 3.4 6.4 
CB-B  433 0.51 2.5 0.16 0.13 0.35 91.0 4.2 4.8 
CB-C  90 0.17 2.2 0.05 0.11 0.12 93.8 2.8 3.4 
CB-D  354 0.26 12.0 0.15 0.15 0.11 91.2 3.5 5.3 
CB-E  357 0.63 15.5 0.14 0.14 0.49 91.2 3.5 5.3 
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Figure 2: (a) Nitrogen adsorption/desorption isotherms and (b) N2 NLDFT pore size 
distribution (c) CO2 adsorption isotherms (d) CO2 NLDFT pore size distribution of carbon 
beads synthesized in different conditions (full symbols-adsorption; empty symbols-
desorption).  
 
Considering that the lower quantities of glyoxal provided higher surface area materials 
carbons and uniform pore size, the CB-B conditions were used kept as reference to study the 
influence of template quantity. When the quantity of template is diminished by half (0.9 g for 
CB-D compared to 1.8 g for CB-B), we can observe that the low pressure isotherm curve 
(P/P0 < 0.1) is kept unchanged while the hysteresis corresponding to the mesopores is 
significant reduced. This is in the line with the constant micropore volume (~ 0. 15 cm3∙g-1) 
and the decrease of mesopore volume (from 0.35 to 0.11 cm3∙g-1, Table 2). The mesopore size 
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distribution become broader also not very well defined (Figure 2b). Therefore, the template 
strongly influences the mesopore size/distribution and amount. 
The last investigated parameter was the type of cross-linker. The glyoxal used for the 
synthesis of CB-B was replaced by glyoxylic acid (CB-E). This has no impact on the 
micropores but rather on the mesopore size and quantity. The mesopore size increases from 15 
nm for CB-B to 30 nm for CB-E as well as the mesopore volume from 0.35 to 0.49 cm3∙g1, 
respectively.  The macroporosity of the samples was assessed by mercury intrusion/extrusion 
isotherms and the obtained isotherms are shown in Figure 3a. The CB-A, CB-B and CB-C 
present rather similar pore volumes, ranged between 2.2 and 4.5 cm3∙g1 (Table 2) while the 
CB-D and CB-E are characterized by significantly higher porous volume (12.0 to 15.5 
cm3∙g1). For all samples the porous volume determined by Hg intrusion is larger than the one 
obtained by nitrogen adsorption suggesting the presence of plenty macropores. The pore size 
distribution (Figure 3b) show well defined peaks in the mesopore region (< 50 nm) with size 
in well agreement with the size obtained by nitrogen adsorption (Figure 2b). A zoom in the 
macropore region (in-set Figure 3b) allow to observe a broad pore size distribution, with pore 
size comprised between 100 nm and several micrometers. 
 
Figure 3: Hg intrusion/extrusion isotherms (a) and pore size distribution (in-set: zoom on the 
macropore zone (>50 nm) (b 
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3.2 Beads morphology 
 
The carbon beads were prepared by thermal treatment of chitosan modified beads obtained by 
freeze-dry method. The chitosan beads are of white color and present uniform spherical shape 
as seen in Figure 4a. After the thermal treatment we noticed that the shape of the beads is 
maintained while shrinkage in the size takes place (Figure 4c, d) due to the polymer 
degradation during the carbonization treatment. The polymer bead size is around 2.5 mm and 
after carbonization it decreases to ~1.1 mm, therefore, a shrinking of 75 % occurs during the 
thermal annealing process. 
                                  
                       
Figure 4: Photos of chitosan beads (a) before and (b) after thermal carbonization treatment 
and their corresponding SEM images (c, d). 
 
 
 
 
(a)
(b)
2 mm (c)
(d)
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3.2.1 Beads interior morphology 
A closer inspection of these materials on BC-B sample by SEM is done. We observe in Figure 
5 that the size of the beads is around 0.5 -1.0 mm, with almost spherical shape (Fig. 5a). A 
few beads were crashed and their interior was visualized at several length scales (Fig. 5b-d). 
The beads have highly porous structure, with the pore diameters comprised between 5 and 
20m, approximately (Fig. 5b). This macroporosity maybe related to water ice microcrystal’s 
growth and phase separation during the chitosan solution droplets freezing in liquid nitrogen, 
and it is present both in the freeze-dried beads both before (Figure S3, Supporting 
Information) and after the carbonization step (Figure 5). The reference carbon bead (CB-R) 
presents as well a macroporosity while the morphology is characterized by much thinner and 
well oriented carbon shits (Figure S4, Supporting Informations). The formation of the 
macropores in the freeze-dried water solutions of biopolymers is well known in regenerative 
medicine and tissue engineering, where this process is used for the scaffolds design [49-52].  
 
It is known that the morphology of the pores is dependent on the freezing conditions; thus, 
Stokolus and Tuszynski obtained highly oriented pores in the aragose via a uniaxial 
temperature gradient by exposing one of the ends of a glass tube filled by aragose solution to 
a block of dry ice cooled by liquid nitrogen [51]. In our experiments, we notice orientation 
effects of the macropores only in the case of reference carbon beads made in the absence of 
template/cross-linker (Figure S4, Supporting Information’s). Even if the reason is not well 
understood, it seems that the chitosan solution composition affects such orientation.  
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Figure 5: SEM pictures of BC-B carbon beads at different magnifications. (a) General view 
of a carbonized bead. (b-d) The interior of a bead at different magnification.     
 
The higher magnification of SEM picture reveals the nanoscale corrugation of macropores 
walls (Fig. 5d). This is the sign of the nanoporosity of the material, which is clearly seen on 
the TEM images (Fig. 6) and which is induced to by the template removal in course of 
carbonization. 
17 
 
 
Figure 6: TEM pictures of carbon beads obtained with different experimental conditions (a) 
CB-A (b) CB-B (c) CB-C (d) CB-D and (e) CB-E 
Thus, the matrix of the beads can be considered at this hierarchy level as a mesoporous 
scaffold. Mesopores with uniform size distribution are clearly observed on all materials. For 
CB-A, CB-B and CB-C, the pore size is smaller than in the case of CB-D and CB-E, in good 
agreement with the tendency of pore size determined by nitrogen adsorption results (Fig.2b). 
 
 
(b)(a)
(c) (d)
(e)
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3.2.2 Beads surface morphology  
Freeze-drying of polymer solutions may result in the formation of a surface skin due to the 
collapse of the material at the solid-gas interface induced by the interfacial tension [49]. 
Freeze-drying and carbonization are accompanied also by shrinking of the beads.   These two 
effects (surface skin formation and beads shrinking) give rise to an interesting 
micromechanical phenomenon in our experiments: formation of hierarchical wrinkled 
morphology on the surface of the beads (Fig. 7).  
 
Figure 7: Hierarchical wrinkled structure of a BC-B-type bead.   
Wrinkling of stiff solid films on soft substrates is a commonplace in nature and is often 
observed when the film and the substrate, bound to each other, have different equilibrium 
specific surface [53]. Efimenko et al. [54] have noticed recently that wrinkling can appear as a 
complex phenomenon, comprising the formation of hierarchical structure, with the short- 
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periodical small amplitude wrinkles being « nested » in the wrinkles of much larger 
periodicity and amplitude. In their model, the initial small wrinkles form, after reaching 
certain critical amplitude, an effective skin layer of larger thickness. Further strain relaxation 
in the system (caused, for instance, by the substrate shrinking) leads to the wrinkling of this 
secondary skin, and so on. In our study, the wrinkles are very irregular, but one can clearly 
identify two generations. For the beads CB-B and CB-C, the wrinkles of the two generations 
have the characteristiclengths of 2 and 50 m, approximately (see Supporting Information, 
Figure S5). It should be noted that the beads CB-A and CB-D are characterized by a single 
generation of highly irregular wrinkles, having approximate length order of 10m (see 
Supporting Information, Figure S5). 
3.3 Structural characterization 
 
Figure 8a shows a survey scan spectrum of BC-B carbon material, with the peaks of C 1s, N 
1s and O 1s positioned at 285, 401 and 532eV, respectively [55]. The material contains 
mainly carbon, oxygen, and nitrogen, without any other impurities detected. The composition 
of all materials is provided in Table 2. We may notice that the nitrogen amount is comprised 
between 3.4 and 6.4 at%. The lowest nitrogen amount is determined for CB-C while the 
highest one for CB-A. To recall, these materials were prepared with the same amount of 
chitosan solution and template while they contain either the highest amount of cross-linker 
(CB-C) or no cross-linker (CB-A). Therefore, the cross linker influences the composition of 
the obtained carbon beads. This can be understood by the cross-linking of chitosan with 
glyoxal inducing the formation of polymer resin giving carbon bead with richer carbon 
content and in the same time lower nitrogen contribution.  
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Figure 8: XPS spectra of CB-B (a) survey spectra and high resolution spectra (b) C1s, (c) 
O1s and (d) N1s (in-set: representation of nitrogen groups in the carbon framework). 
 
The high-resolution C1s XPS spectra (Figure 8b) present the most intense peak at 284.5 eV 
which is assigned to graphite-like sp2 carbon [56]. A tail of asymmetric C1s peak at higher 
binding energies is originated from the presence of carbon atoms bonded to nitrogen (C=N 
and C-N) and different oxygen-functional groups (C-OR, C=O and O=C-O). These groups are 
well visible in the O1s peak (Figure 8c) and are formed due to the decomposition of chitosan 
and cross-linker. 
Figure 8d shows the high-resolution N1s XPS spectra which was deconvoluted into five main 
component peaks i.e., pyridinic nitrogen (398eV), pyrrolic nitrogen (400eV), quaternary 
nitrogen (401eV), pyridine oxide (403 eV) and nitrogen oxides (404 eV). 
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In pyridinic nitrogen structure, the N atom is sp2 hybridized with two C atoms, while in the 
quaternary structure one C atom is substituted by an N atom in the graphitic structure. The 
pyrrolic nitrogen is sp3 hybridized in a five-member ring (in-set Figure 8d). The quaternary 
and pyridine are present in greater quantities compared to the other groups.  
 
3.4 Chitosan beads structure and transformation into carbon 
 
The structure of chitosan based spheres prepared in the absence of cross-linker and in the 
presence of glyoxal and glyoxylic acid cross-linkers was evaluated by 13C NMR (Figure 9a). 
For comparison purpose the chitosan raw material was analyzed as well. The spectra of 
chitosan show several signals at 175, 105, 83, 76, 61, 58 and 24 ppm. The signals from 175 
ppm and 25 ppm correspond to the carbonyl carbon and the methyl carbon of -COCH3 group. 
The peak at 105 ppm is related to carbon C1 bonded with hydrogen chitosan and the signals at 
58 ppm (C2), 61 ppm (C6), 76 ppm (C3-C5) and 83 ppm (C4) are assigned to different 
carbons of glucosamine ring [57;58] (in-set Figure 9a). 
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Figure 9: 13C CP-MAS solid state NMR spectra of (a) chitosan beads prepared with or 
without cross-linkers: CB-A (no cross-linker), CB-B (glyoxal cross-linker), CB-E (Glyoxylic 
acid cross-linker) and chitosan precursor (in-set: chitosan and Pluronic F-127 chemical 
formula) and (b) chitosan beads CB-A (no cross-linker) prepared at 25°C and further heated at 
150°C and 300°C.  
               
 
Figure 10: Schematically representation cross-linking products (a) between the –OH of 
glucosamine and aldehyde group of glyoxal or glyoxylic acid and (b) between the –NH2 
group of glucosamine and aldehyde group of glyoxylic acid. 
200 150 100 50 0
300°C
150°C
Chemical Shift (ppm)
25°C(b)
101 ppm
O O
O
O
O
O
OH
NH2
OH
OH
O
OH
OH
NH2
OH
OH
NH2
OH
OH
O
OH
NH2
OH
OH
O
OH
NH
OH
OH
OH
OH O
172 ppm
44 ppm
(A) (B)
23 
 
When pluronic template is added to the chitosan solution to form the CB-A (absence of cross-
linker), most of the chitosan peaks are visible. Changes in the NMR spectra are clearly seen at 
around 76 ppm and a new peak at 18 ppm appears. The peak at ~ 76 ppm can be attributed to 
the carbon atoms bonded with O atoms in the PEO moieties of Pluronic F-127 template (CH2-
O-CH2) while the peaks from 74, 72 ppm and from 18 ppm are assigned to the carbons 
involved in ethyl (-CH-CH2) and methyl (-CH3) groups, respectively, of the PPO moieties of 
Pluronic F-127 template (in-set Figure 9) [40;46]. 
When the glyoxal and glyoxylic acid cross-linkers are used (CB-B and CB-E) in addition, we 
notice a significant shift of the 105ppm peak (C1) to lower values (98-100 ppm). Moreover, 
the signal from 83 ppm (C4) is no longer visible.  This can be related to the carbon atoms 
involved in glyoxal (glyoxylic acid) which have been reacted with the chitosan. The –OH 
groups of glucosamine reacts with the carbonyl group of glyoxal forming the compound 
described in Figure 10a which have the NMR position placed at 101 ppm. This indicates the 
cross-linking of chitosan with the glyoxal/glyoxylic acid [59].  
The modification or cross-linking of chitosan with aldehydes is a very important issue to 
design chitosan materials with improved mechanical properties and resistance in extreme 
media conditions or to enhance the performances as adsorbent for metal ions, dyes, 
pharmaceutical compounds removal from water etc. [60] Therefore, the modification of 
chitosan with aldehydes less toxic than formaldehyde maybe of  great importance particularly 
in biomedical and environmental applications.   
For chitosan beads prepared with glyoxylic acid, the peak at 175 ppm become very broad and 
a supplementary small peak appear at 44 ppm. These peaks could be assigned to carbons 
involved in C=O group substituted on –NH and respectively to carbons bonded to NH and 
COOH groups [59;61] as schematically represented in Figure 10b. Thus, the amino group of 
glucosamine reacted with the aldehyde group of glyoxylic acid to form aminoacid groups.  
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The structure of chitosan spheres thermally treated at 25°C, 150°C and 300°C, was evaluated 
also by 13C NMR (Figure 9b). By increasing the temperature at 150°C, the chitosan peaks 
become less pronounced and they disappear at 300°C in the favor of a large peak at around 
120 ppm characteristics to polyaromatic carbons. This is an indication of carbonization of 
chitosan at 300°C. The pluronic F-127 peak can be observed at 150°C and 300°C but a 
decrease in the intensity of the 76 ppm peak related to the hydrophilic PPO part of the 
template is noticed.  
Further insight in the thermal decomposition of chitosan beads was assessed by 
thermogravimetric analysis. The thermal decomposition behavior of the individual precursors 
employed for the preparations of the chitosan beads and the resulting chitosan resin beads 
were studied (Figure 11). Chitosan present a decomposition peak at ~ 300°C and a high 
carbon yield (~ 40 wt.%) is remaining at 600°C (Figure 11a). This is in line with the NMR 
results showing the carbonization of chitosan at such temperature. Glyoxal cross-linker 
exhibit two peaks placed at ~ 100°C corresponding to the water loss, and a second peak at ~ 
200°C related to the decomposition of glyoxal. For glyoxylic acid only one peak at around 
200°C is observed while the pluronic template decomposes at around 375°C with no residue 
left at 600°C as is the case of cross-linker as well (Figure 11a).  
The chitosan beads show mainly a principal decomposition peak at 375°C (Figure 11b) which 
is related with the decomposition of the template, the other peaks corresponding to chitosan 
and cross-linker are only slightly visible. The carbon yield varies from 15 to 40 wt.% 
depending on the amount of chitosan reported to the other precursors, higher the chitosan 
quantity inducing better carbon yields.     
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Figure 11: (a) TGA under nitrogen of (a) individual precursors and (b) chitosan beads 
obtained using different experimental conditions.  
 
Therefore, the prepared carbon beads are characterized by several levels of structural 
organization: the spherical beads (mm size), the macropore-scale (micron size), and the 
nanopores (micro/mesopores, 0.5 to 50 nm). Each of the organization levels is achieved via a 
corresponding physical/chemical process.  
Firstly, the carbon beads are uniform in shape and formed by dropping solutions of chitosan 
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acetate in liquid nitrogen (LN).  Their surface morphology is formed by a rigid skin which 
present wrinkles with well-defined structure. 
Secondly, the macropores result from the water crystal growth in the beads at the contact with 
the LN followed by freeze-drying of the beads. The Hg intrusion measurements revealed the 
important volume of macropores. Particularly, for CB-D and CB-E, this volume is 
significantly higher than for the other materials (Table 2), however, it is not clear yet how the 
chemical composition of chitosan particles influences the macroporosity since no trend could 
be established.  
The last, the micro/mesopores appear due to pyrolysis of the chitosan beads, i.e., the 
micropores are derived by the decomposition chitosan resin polymer while the elimination of 
the template molecules allowed the formation of mesopores. The microporous volume and 
implicitly the surface area are rather similar for all samples except CB-C which exhibit lower 
values. This maybe linked to the higher amounts of glyoxal cross-linker used to prepare this 
material. As for the mesopore formation, a necessary condition is the use of the pluronic 
template, as demonstrate by the reference carbon material (CB-R) prepared without template 
which showed the absence of mesopores but the presence of both -micro and -macro pores.  
In the presence of the template (CB-A to CB-E materials), the mesopores are formed and their 
size/volume depend on one hand on the amount of template, i.e., higher amounts of template 
favoring higher pore volume but similar pore size. On the other hand, for the same amount of 
template, the cross-linker amount and type have also an influence on the pore size/volume. A 
high amount of glyoxal cross-linker (CB-C, Table 2) decreases the mesopore volume but 
keeps the same pore size as CB-A and CB-B, while the type of cross-linker influence both the 
pore size and pore volume (CB-B-glyoxal vs. CB-E-glyoxylic acid). The different mechanism 
of cross-linking between the glyoxal and glyoxylic acid with chitosan results in different 
chitosan resins as showed by NMR results. Such resin is able to self-assemble with Pluronic 
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F-127 template through H-bonding interactions, explaining the distinct textural properties 
(pore size/pore volume) of carbon derived beads. It is worth to note that in the absence of 
cross-linker, chitosan is still able to assemble with the template giving hierarchical porous 
beads as well (CB-A). Therefore, the cross-linker is not required to form the -micro or -meso 
porosity but rather to tune it. In addition, the composition of carbon beads (C, N, O) is also 
modified in the presence of cross-linker (XPS results) due to their ability to form resins with 
different chemical compositions. Therefore, tuning the cross-linkers and the template 
type/amount allow to design hierarchical nitrogen doped carbons with various morphology, 
texture and composition. 
 
Conclusion 
In summary, we have developed an eco-friendly procedure for the fabrication of nitrogen-
doped carbonized beads with hierarchical morphology of the pores. The beads are produced 
by chitosan acetate, cross-linkers and Pluronic F127 co-solution drops in liquid nitrogen, 
freeze drying and carbonization.  The macropores are generated by phase separation caused 
by the growth of water ice microcrystals in the drops. The nanoscale pores (micro and 
mesopores) are formed by the decomposition of chitosan resin/ template assemblies during 
the carbonization step and the pore sizes and volumes could be varied tuned with glyoxal and 
glyoxylic acid cross-linkers exhibiting different mechanisms of reaction with chitosan as 
highlighted by 13C NMR.  The carbon bead composition (C, N, O) was found to be related to 
the chitosan resin composition.  A relatively rigid “skin” layer is formed on the surface of the 
beads in course of freeze-drying. Unequal contraction of the inner parts of the beads and their 
surface leads to the surface wrinkling. The fact that the beads are produced from readily 
available, renewable bioresource precursors in aqueous solution make this approach 
especially attractive for the numerous applications where controlled pore size at different 
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levels is required. Submillimeter dimensions and almost spherical form of the carbonized 
beads make them a convenient granular material, which is capable to take the shape of various 
recipients and can be easily recovered from the reaction medium.  
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